Abstract In this communication a systematic computational survey on some rigid hydrocarbon skeletons, e.g., half-cage pentacyclododecanes and tetracyclododecanes, and their chlorinated derivatives to seek for the so-called ultrashort ''non-bonded'' hydrogen-hydrogen contacts is done. It is demonstrated that upon a proper choice and modifications of the main hydrocarbon backbones, and addition of some chlorine atoms instead of the original hydrogen atoms in parts of the employed hydrocarbons, the resulting strain triggers structural changes yielding ultrashort hydrogen-hydrogen contacts with inter-nuclear distances as small as 1.38 Å . Such ultrashort contacts are clearly less than the world record of an ultrashort nonbonded hydrogen-hydrogen contact, 1.56 Å , very recently realized experimentally by Pascal and coworkers in in,inbis(hydrosilane) (J Am Chem Soc 135:13235, 2013). The resulting computed structures, as well as the developed methodology for structure design open the door for constructing a proper set of molecules for future studies on the nature of the so-called non-bonded hydrogen-hydrogen interactions that is now an active and controversial area of research.
Introduction
Recently, Pascal and coworkers [1] have reported the synthesis and characterization of novel macrobicyclic structure, in,in-bis(hydrosilane), claiming a new ''world record'' for the so-called non-bonded H…H distance, *1.56 Å . This discovery from both experimental and computational viewpoints is important. From experimental perspective, it is a real synthetic breakthrough since it bypassed the previous world record of the non-bonded H…H contacts, 1.61 Å , reported by Ermer et al. [2] almost 28 years ago in a derivative of half-cage pentacyclododecane, by a new ''molecular design'' (for more on the unique synthetic and design approach of Pascal's school see [3] [4] [5] [6] , while for a perspective on the history of ultrashort nonbonded H…H contacts see [2, [7] [8] [9] [10] [11] [12] [13] ). On the other hand, from theoretical standpoint, such ultrashort H…H contacts are also of particular importance since the nature of the socalled non-bonded H…H interactions has been a matter of disputes and exchanges since 2003 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ; from the ''classical'' viewpoint the interactions are exclusively destabilizing as one expects from the steric effects [24] [25] [26] [27] (the orthodox van der Waals radius of hydrogen atom dictates *2.4 Å separation as the optimal distance for nonbonded H…H contacts) while claims have been made by the quantum theory of atoms in molecules (QTAIM) analysis that these interactions are bonded and stabilizing [14, 18, 20] . Currently, the controversy is ongoing, questioning/ confirming the classical view on the nature of such H…H interactions using various quantum chemical analyses though the whole problem may be seen as part of the intricate problem of rigorous elucidation of the nature of stabilizing/destabilizing interactions of atoms (or groups of atoms) of a molecule .
In contrast to this rich background, the aim of this communication is modest, just trying to introduce a new set of molecular structures, albeit not exotic structures, with ultrashort non-bonded H…H contacts leaving the questions on the nature of H…H interactions, as well as their QTAIM analysis into a future study [accordingly, the word ''nonbonded'' is just used in this communication to discriminate these H…H contacts from the dihydrogen bonds that the nature of their H…H interactions has been clarified previously and is completely different from the contacts considered in this communication (vide infra)]. In order to reach this goal, the main and modified hydrocarbon halfcage pentacyclododecane of Ermer et al. [2] , as well as tetracyclododecane [9, 27] are used as backbones, and in a series of structural modifications, new motifs are proposed, and then geometrically optimized to see whether it is possible to introduce structures with non-bonded H…H contacts below 1.56 Å . Accordingly, the half-cage pentacyclododecane backbone is a particularly promising target to start with since its ''rigidity'' prevents conformational variations that hamper the ultrashort H…H contacts [see the footnote 10 in [1] for an analysis of this point in in,inbis(hydrosilane)]. Our guide in this search and the basis of ''design strategy'' [62] has been the classical paradigm of the steric effects; steric destabilization using large atoms in parts of a molecule, as well as employing small rings may energetically favor ultrashort H…H contacts in other part of a molecule yielding local minima. Whether these local minima are synthesizable quantitatively in usual laboratory conditions is not our concern in this study [63, 64] , but the aim is constructing a set of molecules that reveal a pattern of ''semi-continuous'' variations of non-bonded H…H contacts in the range of ultrashort distances making them an ideal set for future comparative QTAIM and bonding analysis.
Computational guideline
In order to start the survey, at first step the structures 1 and 2 (see Fig. 1 for numbering of species) were considered at various computational levels; since concomitant X-ray and neutron diffraction analyses have been done on these two molecules [9] , the derived experimental H…H distances are reliable and may be used as references for the selection of proper density functionals. Inspection of Table 1 , containing the computed and experimentally derived H…H distances, reveals that from a large number of considered density functionals/basis set combinations, M06L/6-311??G(d,p) [65] [66] [67] works relatively better though none of density functional/basis set combinations seems completely capable of reproducing both distances. Accordingly, to make the computational results more reliable, not only M06L but also the well-known HF, B3LYP [68] and MP2 [69] methods were also used in conjunction with 6-311??G(d,p) basis set for geometry optimization and force constant (vibrational frequencies) calculations employing a modified version of GAMESS suite of programs [70] [using more extended basis sets for larger members of this set of molecules was computationally intractable thus 6-311??G(d,p) was preferred for the homogeneity of calculations, though for MP2 method the force constants, because of computational cost, were just derived with 6-31G(d) basis set]. Figure 1 depicts the final optimized structures while Tables 2 and 3 , S1, S2, S3, and S4 gather the computed H…H distances, as well as the C-H inter-nuclear distances, the X-C-H (X = H, Cl) angles, and the symmetric and asymmetric C-H stretching vibrational frequencies of the CH 2 and CHCl units that their hydrogen atoms are involved in ultrashort contacts (Supplementary information contains the full Cartesian coordinates of all derived optimized geometries at all considered computational levels and Tables S1, S2, S3, and S4). The main focus of this communication is on the patterns of variations of the derived H…H distances in this set of molecules and their relationship with other geometrical parameters, offered in Table 3 at M06L/6-311??G(d,p) computational level (for other computational levels see Tables S1, S2 , S3, and S4), that are depicted in Fig. 2 . Since five distinct computational levels have been employed in this study, except otherwise stated, in all discussions an arithmetic mean value, derived from computed H…H distances at various computational levels, is reported in the text as a trustable value.
Results and discussion
To perform detailed comparisons, the structures depicted in Fig. 1 are categorized into subsets at first step and next, general correlations emerging from considering the whole set are considered briefly. Accordingly, the structures 1-3 are compared at first and then, the subset of 4-6 is considered to comprehend the role of attaching ''peripheral'' small carbon rings to the structure 1. Subsequently, the structures 6-9 are compared to unravel the role of chlorination and concomitant induced steric effect; the subset containing structures 10-15 are used for the same propose. Finally, the structures 16-18 are detailed to check the efficiency of half-cage structures and their chlorinated derivatives to squeeze H…H contacts. The geometrical changes which are induced in the CH 2 and CClH units involved in the ultrashort H…H contacts are the main focus of this communication; in the rest of this communication, C-H bonds that their hydrogen is involved in ultrashort contacts are termed ''inner'' C-H, while the C-H bonds that are directed toward outside, far from contact region, are called ''outer'' C-H. Other geometric parameters which affected by steric effects in these molecules are mentioned in discussions focused on each subset. Furthermore, from various vibrational normal modes those mainly originating from C-H vibrations involved in the ultrashort H…H contacts have been selected and considered; this engages the symmetric and anti-symmetric stretching vibrations of the two target C-H bonds. These high frequency C-H stretching modes were previously observed experimentally and their origin has been attributed to H…H steric effects [71, 72] . The structures 1-3 and their derivatives have been characterized experimentally so comparison with the computed geometrical parameters and vibrational frequencies are feasible. However, in the case of 3 that is a derivative of 2 since solely the X-ray diffraction data have been used for structure elucidation [13] , uncertainty remains on the reliability of the estimated H…H distance. The estimated H…H distance, albeit determined indirectly, is just *1.62 Å which is much shorter than that observed in 2, 1.71 Å [9] . This bold difference, *0.09 Å , which must seemingly originate from the steric effect associated with the bulk moiety attached to 3, is not in line with values derived from present calculations that collectively point to *1.70 Å near to the value derived for 2 both experimentally and computationally. Since neutron diffraction analysis has not been done on 3, one may conclude that the estimated H…H distance in 3 needs to be viewed skeptically. Inspection of Tables 3 and S1 , S2, S3, and S4 demonstrates that in this subset, in response to the contraction of H…H distance, the inner C-H inter-nuclear distances, as well as the H-C-H angles all contract while both the symmetric and anti-symmetric vibrations shift to higher wavenumbers. These geometrical and vibrational patterns are typical for molecules containing ultrashort H…H contacts, observed both experimentally and computationally, and are interpreted in steric paradigm as routes toward reorganization of geometry to avoid, as far as possible, the unfavorable/destabilizing steric effects originating from H…H contacts (for a detailed but transparent discussion see particularly pages 76-84 in [27] ).
The case of 3 casts doubt that simple design strategy based on attaching a single bulky moiety to main skeleton Extracted from the neutron diffraction analysis [9] being efficient enough to reach ultrashort H…H contacts. Thus, the design strategy was switched to modify what was used successfully by Ermer et al. [2] , the half-cage pentacyclododecanes, to produce ultrashort H…H distances; the structures 4-6 were proposed and optimized seeking the role of peripheral ring size contraction on the H…H contacts. Inspection of Table 2 , indeed, confirms that this is an efficient strategy and the H…H distance reduces from *1.73 Å in 4 to *1.60 Å in 5, and then to *1.52 Å in 6 with an overall *0.2 Å shortening. Even in this initial try, 6 bypasses the world record of *1.56 Å , though there is no question that it is largely under strain even if no negative force constants were observed; as a witness for large strain, the variations of C-C distances at MP2/6-311??G(d,p) level range from *1.66 Å in the corners to *1.46 Å in the center of the molecule. The geometrical data in Tables 3  and S1 , S2, S3, and S4 also conform to this picture, since from 4 to 6 the inner C-H inter-nuclear distance shortens considerably, whereas the outer C-H inter-nuclear distance is almost the same observed in 1, and the H-C-H angle also contracts appreciably. Both vibrational modes also shift to larger wavenumbers in this subset reaching to *3,220 and *3,301 cm -1 for anti-symmetric and symmetric modes, respectively, at M06L/6-311??G(d,p) level that are the largest in the considered chlorine-free hydrocarbons.
Invoking structures with smaller H…H distances, bulky chlorine atoms, close to each other, were replaced with smaller hydrogen atoms consecutively in the corners of 6 trying to add more steric interactions yielding structures 7 and 8. Obviously, the strategy works well and the H…H distances further shorten to *1.38 Å in 7 and then to *1.17 Å in 8. However, structure 7 is quite deformed and C-C distances at the MP2/6-311??G(d,p) level range from *1.69 Å in the corners to *1.46 Å in the center of the molecule, while 8 reveals serious signs of instability since at all considered computational levels no local minimum was found. Interestingly, animation of the corresponding mode of vibrations in 8 reveals that the imaginary mode involves the two target hydrogen atoms that are trying to avoid the ''head to head'' arrangement. Re-optimization of 8 relaxing the head to head arrangement yields 9 that is now a stable structure at HF, B3LYP, and MP2/6-31G(d) levels but yet a saddle point at the M06L/6-311??G(d,p) level. The H…H distance is now reproduced in a range of *1.26-1.28 Å and even with a conservative estimate, based on MP2/6-31G(d) optimized geometry, it seems H…H distance is not above *1.30 Å [because of the number of chlorine atoms, it was not feasible to optimize this structure at the MP2/6-311??G(d,p) level]. However, 9 is highly deformed and C-C distances at the B3LYP/6-311??G(d,p) level range from *1.90 Å in the corners to *1.48 Å in the center of the Fig. 2 The ''inner'' C-H inter-nuclear distances, the H-C-H and Cl-C-H angles, and the C-H symmetric and anti-symmetric stretching frequencies versus the H…H distances, all computed at the M06L/6-311??G(d,p) level molecule; with such huge deformations it is hard to trust the results derived from ''single reference'' computational methods. Nevertheless, the strategy of using some chlorine atoms, close to each other, and the imposed steric effects seems to be an efficient method to produce ultrashort nonbonded H…H contacts. Inspection of Tables 3 and S1 , S2, S3, and S4 also reveals the same pattern observed for previous subset namely, shortening of the inner C-H distances, contraction of the Cl-C-H angle and elevation of vibrational frequencies; interestingly, upon relaxing the head to head arrangement going from 8 to 9 all geometrical and vibrational data clearly reveal that 9 experiences less strain than 8.
Since the strategy of replacing chlorine with hydrogen atoms works well, the same design strategy was used to introduce 10, which has been inspired from the experimentally discovered 1, then constructing congested chlorine substituted derivatives, the structures 11-15. The H…H computed distances in 10, *1.72 Å , is very similar to 2 while for 11 with four chlorine atoms in the corners this distance diminishes to *1.57 Å that is almost equal to the one estimated in in,in-bis(hydrosilane) [1] . Although C-C inter-nuclear distance variations in 11 are much more narrowed than 7 and 9, just *1.55-1.60 Å , but the angles around carbon atoms at the corners are largely distorted from the standard tetrahedral geometry revealing a strained species [73] . Adding two more chlorine atoms to the central carbons, yielding 12, diminishes the H…H computed distances further, *1.51 Å . Further chlorination of 12 gives 13 with H…H distance *1.43 Å while adding another chlorine atom yields 14 with a clear sign of instability; a negative force constant at all the considered computational levels. Indeed, similar to the case of 8, animation of this mode demonstrates that the problematic vibrational mode results from head to head arrangement, so a relaxed structure was optimized yielding the stable local minimum 15. In contrast to the previous structures the computed H…H distances from density functionals, *1.38 Å , is boldly shorter than MP2, *1.43 Å ; however, even assuming a mean value, *1.40 Å , this is shorter than the contacts of the previously considered structures of this subset. One may conclude that the main rational behind the design works well though the resulting congested molecules are clearly strained; once again this is best illustrated inspecting Tables 3, S1 , S2, S3, and S4 that reveals the same patterns observed for previous chlorinated subset.
As a final attempt, the structures 16 and 17, similar to the one characterized by Ermer et al. [2] , were considered and as it is evident from Table 2, the former is unstable revealing imaginary normal modes while an octa chlorinated derivative of 17 yields 18 revealing another ultrashort H…H distance, *1.40 Å . Nevertheless, clear signs of strain are observed in 18 considering the C-C distances that are scattered in the range from *1.52 to *1.65 Å at the MP2/6-311??G(d,p) level.
In order to have a more general picture Fig. 2 depicts the inner C-H distances, the X-C-H angles, as well as the C-H vibrational frequencies in four panels and the emerging patterns point to evident correlations. Upon the decrease of H…H contact, the geometrical relaxations of the CH 2 and CClH units are markedly interconnected and molecules even with different skeletons respond similarly; namely, contractions of the inner C-H distances and the X-C-H angles, as well as concomitant elevation of the C-H stretching force constants. However, in contrast to this similarity of ''local'' response of the involved units, as also emphasized by Allinger [27] , because of ''propagation of stress'' the effect of ultrashort H…H contact may be quite ''non-local''; in other words, units distant from the center of stress may experience significant geometrical distortions. Furthermore, the non-local fingerprint of the stress depends on the nature of hydrocarbon skeleton and reveals itself differently in different skeletons. Such ''long range'' structural effects of ultrashort H…H contacts deserved to be considered in detail in carefully designed molecular structures since they are directly relevant to the problematic nature of H…H interactions and related controversy.
Conclusion and prospects
This study suggests that by a proper combination of rigid hydrocarbon skeletons and some bulky substitutions, close to each other to make congested systems, designing ultrashort non-bonded H…H contacts is feasible at least computationally (of course the main challenge is experimental realization of these or similar structures that is far from trivial). Evidently, even with a conservative estimate, there is a large gap between the world's new record of H…H distance, *1.56 Å , with what is possible to achieve in this series of species, *1.38 Å ; however, there is no reason to believe that considered structural motifs are the most proper candidates for reaching ultrashort H…H contacts and searching for smaller contacts yet remains an ongoing challenge. Indeed, it has been demonstrated that in the case of dihydrogen bonds, H…H contacts with ultrashort distances, *1.0-1.3 Å , are conceivable [74] [75] [76] [77] though the electrostatic stabilizing interactions between hydrogen atoms are a major driving force in molecules with dihydrogen bonds that are absent in the case of hydrocarbons considered in this study (the typical experimentally characterized dihydrogen based ultrashort H…H distances are usually larger than 1.6 Å [78] [79] [80] ). As mentioned previously, elucidating the nature of interactions for the present so-called non-bonded H…H contacts is of great importance. The design strategy used in this study, as well as the observed correlations in Fig. 2 are all consistently interpreted within the steric paradigm, however, a detailed study is needed to firmly establish the nature of H…H interactions. A primary QTAIM analysis on all the considered structures demonstrated that a bond critical point always appears between such H…H contacts, thus the two hydrogen atomic basins share an inter-atomic surface [14, 23] . Therefore, this series of species, as well as other structures generated with the same design strategy are an ideal set to unravel the pattern of variations of topological indexes and basin (atomic) properties upon the ''semi-continuous'' shorting of H…H contacts as will be disclosed in a future study. Table 3 The C-H inter-nuclear distances (in Å ), the X-C-H angles (in degrees) and the C-H stretching frequencies (in cm 
